offset between each of the transmitters and the receiver is the same, as will happen when the source of frequency offset is primarily due to oscillator drift or platform motion. 
B. Estimation of Carrier Offset and Imperfect Compensation of the Received Data
Maximum Likelihood (ML) estimation of transmitted data requires the perfect knowledge of the carrier offset and the channel. The offset can be estimated through the use of pilot symbols [11] , or using blind method [13] . However, a few pilot symbols are almost always necessary, for estimation of the channel gains. Considering all this, therefore, we use in our analysis a generalized frame consisting of an orthogonal pilot symbol matrix (typically proportional to the identity matrix) and the STBC data matrix. In any case, the estimation of the offset cannot be perfect due to the limitations over the data rate, and delay and processing complexity.
There could also be additional constraint in the form of time varying nature of the unknown channel. Thus, a residual offset error will always remain in the received data even after its compensation based on its estimated value. This can be explained as follows: if ω ô denotes the estimated value of the offset ω 0 , we have
where Δω is a residual offset error (ROE) the amount of which depends upon the efficiency of the estimator. The compensated received data vector will be
It is reasonable to consider ROE to be normally distributed with zero mean and variance 2 ω σ . We have also assumed that carrier offset and hence ROE remains constant over a data frame. The problem of interest here is to analytically find the performance of the receiver in the presence of ROE.
III. MEAN SQUARE ERROR IN THE ESTIMATION OF CHANNEL GAINS IN THE PRESENCE OF RESIDUAL OFFSET ERROR
Although it is possible to continue with the general case of m transmit antennas, the treatment and solution becomes cumbersome, especially since the details will also depend on the specific OSTBC used. On the other hand the principle behind the analysis can be easily illustrated by considering the special case of two transmit antennas, employing the famous 
where 2 2
corresponding to K pilot blocks, and 2 1 × e K is the noise in pilot data. It may be noted that the last term in (4) can still be modeled as complex, circular Gaussian and contains independent components. As the receiver already has the information about P, we can find the ML estimate of the channel gains as follows [2] , [4] :
Substituting the value of c y from (4) into (5), we get
In the low mobility scenario where the carrier offset is mainly because of the oscillator instabilities, its value is very small and if sufficient training data is transmitted or an efficient blind estimator is used, the variance 
After a simple manipulation, we can find the estimates of channel gains as
error due to noise error due to residualoffset
where
is the total error in estimates. It is easy to see that there are two distinct interfering terms in (8), due to ROE and AWGN noise.
In the previous work [5] - [10] , the interference only due to the AWGN noise is considered.
However, here in (8) we are also taking into account the effect of the interference due to ROE.
The mean square error (MSE) of channel estimate in (8) can be found as follows:
Assuming, elements of h, Δω and elements of e are statistically independent of each other, the expectation of cross terms will be zero and the MSE would be simplified as follows:
σ is seen to be very prominent as it introduces a floor in MSE value, independent of SNR. 
IV. ESTIMATION OF OSTBC DATA
Next, we consider the compensated received data vector corresponding to the OSTBC part of the frame. Consider the l-th STBC (Alamouti) block, which can be written as [1] 
where v=K+l, 
In the presence of channel estimation errors, as discussed in section III, the vector r will be equal to
. Substituting the value of z from (11) into (13), we get
Applying Taylor series approximation for the exponential term in the term (I) in (14), we will
From (13) where
Clearly, estimation of ŝ via minimization of (12) would be affected by the interfering terms (1)- (3) shown in (16). In the next section, we carry out an SER analysis by first obtaining expression for the total interference power and its subsequent effect on the signal to interference ratio (SIR).
V. ERROR PROBABILITY ANALYSIS
In order to obtain an expression for the SIR, and hence for the probability of error, we need to find the total interference power in (16). To simplify the analysis we restrict our self to those cases when ω o is typically much smaller than the symbol period and if a sufficiently efficient estimator like [11] , [13] is used for carrier offset estimation, Δω is also very less than the symbol period. Under this restriction and assuming channel, noise, training data and S-T data independent of each other and of zero mean, the correlations between Δh and h, Δh and Δω, and H and Ω H , which mainly depend upon ω o and Δω, would be so small that these could be neglected. We make use of this assumption in the following analysis for simplicity, but without any loss of generality. In this case, the total interference power in (16) is obtained in Appendix and the average interfering power will be 
where E s is signal power. If there is no carrier offset present, i.e. 
Hence, (18) is more general form of SIR than (19) and therefore, our analysis presents a comprehensive view of the behavior of STBC data in the presence of carrier offset. Further, the expression of exact probability of error for M-QAM data received over J independent flat fading Rayleigh channels, in the terms of SIR, is suggested in [12] as (20) where , , and
-s i na r c t a n μ . cos arctanμ )). c c c 2
Probability of error in the frame consisting of L blocks of OSTBC data will be ,
where (P e ) i denote the error probability of i-th OSTBC block. As all the interference terms in (16) consist of Gaussian data and have zero mean and diagonal covariance matrices (see Appendix), we may assume without loss of generality that all the interference terms are
Gaussian distributed with zero mean and certain diagonal covariance matrices.
VI. ANALYTICAL AND SIMULATION RESULTS
The analytical and simulation results for a frame consisting of two pilot blocks and three OSTBC block are shown in Fig. 4 -Fig. 6 . 
cases. Nevertheless, our analysis is still able to provide an approximate picture of the behavior of the S-T data with large residual offset errors. 
VII. CONCLUSIONS
We have performed a mathematical analysis of the behavior of Orthogonal Space-Time Codes with imperfect carrier offset compensation in MIMO channels. We have considered the effect of imperfect carrier offset knowledge over the estimates of the channel gains and resulting probability of error in the final decoding of OSTBC data. Our analysis also includes the effect of imperfect channel state information due to AWGN noise, over the decoding of OSTBC data. Hence, it presents a comprehensive view of the performance of OSTBC with imperfect knowledge of small carrier offsets (in case of small oscillator drifts or low mobility and an efficient offset estimator) in flat fading MIMO channels with offsets. The proposed analysis can also predict the approximate behavior of S-T data with large carrier offsets (in case of high mobility or highly unstable oscillators and an inefficient offset estimator). 
implying that the third term also has zero mean. Further, it can be shown that 
